We revise the b * model for the Collins-Soper-Sterman resummed form factor to improve description of the leading-power contribution at nearly nonperturbative impact parameters. This revision leads to excellent agreement of the transverse momentum resummation with the data in a global analysis of Drell-Yan lepton pair and Z boson production. The nonperturbative contributions are found to follow universal quasi-linear dependence on the logarithm of the heavy boson invariant mass, which closely agrees with an estimate from the infrared renormalon analysis. 
orders of α s to reliably predict the cross section [1] . The feasibility of all-order resummation is proved by a factorization theorem, first formulated for e + e − hadroproduction [2, 3] , stated by Collins, Soper, and Sterman (CSS) for the Drell-Yan process [4] , and recently proved by detailed investigation of gauge transformations of k T -dependent parton densities [5, 6] .
The heavy bosons acquire non-zero q T mostly by recoiling against QCD radiation. The CSS formalism accounts for both the short-and long-wavelength inclusive deep-inelastic scattering (SIDIS) follows from the CSS factorization theorem [5] . In the study presented here, we carefully investigate agreement of the universality assumption with the data in a global analysis of fixed-target Drell-Yan pair and Tevatron Z boson production. We revise the nonperturbative model used in the previous studies [8, 9] and improve agreement with the data without introducing additional free parameters. Renormalization-group invariance requires F N P (b, Q) to depend linearly on ln Q [3, 4] . With our latest revisions put in place, the global q T fit clearly prefers a simple function F N P (b, Q) with universal ln Q dependence. The new F N P (b, Q) has reduced dependence on the collision energy √ S comparatively to the earlier fits. The slope of the ln Q dependence found in the new fit agrees numerically with its estimate made with methods of infrared renormalon analysis [10, 11] .
The function F N P (b, Q) primarily parametrizes the "power-suppressed" terms,
i.e., terms proportional to positive powers of b. When assessed in a fit,
also contains admixture of the leading-power terms (logarithmic in b terms), which were not properly included in the approximate leading-power function
In contrast, estimates of F N P (b, Q) made in the infrared renormalon analysis explicitly remove all leading-power contributions from [11] . While the recent studies [9, 10, 11, 12, 13] point to an approx- Our paper follows the notations in Ref. [9] . The form factor W (b) factorizes at all b as [2, 3, 4 ]
where
j /S is a constant prefactor [4] , and x 1,2 ≡ e ±y Q/ √ S are the Bornlevel momentum fractions, with y being the rapidity of the vector boson. The b-dependent parton densities P j (x, b) and Sudakov function
are universal in Drell-Yan-like processes and SIDIS [5] . When the momentum
123 is a dimensionless constant) are much larger than 1 GeV, W (b) reduces to its perturbative part W pert (b), i.e., its leading-power (logarithmic in b) part evaluated at a finite order of α s :
Here S P (b, Q) and
the finite-order approximations to the leading-power parts of S(b, Q) and
is the k T -integrated parton density, computed in our study by using the CTEQ6M parameterization [14] . , which absorbs the power-suppressed terms:
At b → 0, the perturbative approximation for W (b) is restored:
The power-suppressed contributions are proportional to even powers of b [10] . Detailed expressions for some power-suppressed terms are given in Ref. [11] . At impact parameters of order 1 GeV −1 , we keep only the first power-suppressed contribution proportional to b 2 :
where a 1 , a 2 , and a 3 are coefficients of magnitude less than 1 GeV 2 , and φ(x)
is a dimensionless function. The terms a 2 ln(Q/Q 0 ) and a 3 φ(x j ) arise from
, respectively. We neglect the flavor dependence of φ(x) in the analyzed region dominated by scattering of light u and d quarks. F N P is consequently a universal function within this region. The dependence of F N P on ln Q follows from renormalization-group invariance of the soft-gluon radiation [3] . The coefficient a 2 of the ln Q term has been related to the vacuum average of the Wilson loop operator and estimated within lattice QCD as 0.19
The preferred F N P is correlated in the fit with the assumed large-b behavior of W LP . We examine this correlation in a modified version of the b * model [3, 4] . 
and asymptotically approaches W pert (b max ) as b → ∞. The b * model with a relatively low b max = 0.5 GeV −1 was a choice of the previous q T fits [8, 9] .
However, it is natural to consider b max above 1 GeV −1 in order to avoid ad hoc modifications of W pert (b) in the region where perturbation theory is still applicable. To implement W pert (b * ) for b max > 1 GeV −1 , we must choose the factorization scale µ F such that it stays, at any b and b max , above the initial scale Q ini = 1.3 GeV of the DGLAP evolution for the CTEQ6 PDF's f a (x, µ F ).
We keep the usual choice We perform a series of fits for several choices of b max by closely following the previous global q T analysis [9] . We consider a total of 98 data points from production of Drell-Yan pairs in E288, E605, and R209 fixed-target experi- by unity above its minimum in each Q bin. The slope of the line is equal to the central-value prediction from the renormalon analysis [11] .
exception of the CDF Run-1 normalization (rescaled down by 7%).
To test the universality of F N P , we individually examine each bin of Q. We choose F N P = a(Q)b 2 and independently fit it to each of the 5 experimental data sets to determine the most plausible normalization in each experiment.
We then set the normalizations equal to their best-fit values and examine To further explore the issue, we simultaneously fit our model to all the data.
We parametrize a(Q) as a(Q) ≡ a 1 +a 2 ln [Q/(3. C 3 = 2b 0 . In Ref. [15] , the experimental errors are propagated into various theory predictions with the help of the Lagrange multiplier and Hessian matrix methods, discussed, e.g., in Ref. [14] . We find that the global fit places stricter constraints on F N P at Q = M Z than the Tevatron Run-1 Z data alone.
Theoretical uncertainties from a variety of sources are harder to quantify, and they may be substantial in the low-Q Drell-Yan process. In particular, χ 
